T cell ͉ thymus ͉ galactosylceramide ͉ bone marrow
MicroRNAs (miRNAs) are a class of evolutionarily conserved small noncoding RNAs that are increasingly being recognized as important regulators of gene expression. The ribonuclease III enzyme Dicer is essential for the processing of miRNAs. CD1d-restricted invariant natural killer T (iNKT) cells are potent regulators of diverse immune responses. The role of Dicer-generated miRNAs in the development and function of immune regulatory iNKT cells is unknown. Here, we generated a mouse strain with a tissue-specific disruption of Dicer, and showed that lack of miRNAs after the deletion of Dicer by Tie2-Cre (expressed in hematopoietic cells and endothelial cells) interrupted the development and maturation of iNKT cells in the thymus and significantly decreased the number of iNKT cells in different immune organs. Thymic and peripheral iNKT cell compartments were changed in miRNA-deficient mice, with a significantly increased frequency of CD4 ؉ CD8 ؉ iNKT cells in the thymus and a significantly decreased frequency of CD4 ؉ iNKT cells in the spleen. MiRNA-deficient iNKT cells display profound defects in ␣-GalCerinduced activation and cytokine production. Bone marrow (BM) from miRNA-deficient mice poorly reconstituted iNKT cells compared to BM from WT mice. Also, using a thymic iNKT cell transfer model, we found that iNKT cell homeostasis was impaired in miRNA-deficient recipient mice. Our data indicate that miRNAs expressed in hematopoietic cells and endothelial cells are potent regulators of iNKT cell development, function, and homeostasis.
T cell ͉ thymus ͉ galactosylceramide ͉ bone marrow A lthough only a small number of genetic transcripts (2-3%) code for proteins in higher organisms, a large fraction of the genome is transcribed. MicroRNAs (miRNAs) are a class of 21-25 nt single-stranded non-coding small RNAs that are transcribed from DNA but are not translated into protein. miRNAs are increasingly being recognized as important regulators of gene expression through the inhibition of effective mRNA translation via imperfect base pairing with the 3Ј-untranslated region (3Ј UTR) of target mRNAs in animals. Primary miRNAs are transcribed from DNA segments and are then cleaved by Drosha (a nuclear enzyme) to form a premiRNA that is actively transported out of the nucleus. In the cytoplasm, the ribonuclease III enzyme Dicer cuts the hairpin loop to form the mature miRNA, which is incorporated into the RNA-induced silencing complex (RISC) to impede mRNA translation into protein (1) (2) (3) . Dicer is required for the processing of mature and functional miRNAs. Therefore, the deletion of Dicer provides a genetic test for the relevance of miRNAs in mammalian development. Emerging evidence suggests that miRNA-mediated gene regulation represents a fundamental layer of genetic programming at the posttranscriptional level and has diverse functional roles in animals, including development, differentiation, and homeostasis (4) (5) (6) (7) (8) (9) (10) .
Defining the role of Dicer-generated miRNAs in mammalian development is complicated by the embryonic lethality of constitutive Dicer knockouts in mice (10) . The overall importance of miRNAs during hematopoiesis has been investigated by specific disruption of steps in miRNA biogenesis (4, 6, 7, (11) (12) (13) (6, 13) . Thus, the role of Dicer in immune regulation has clearly demonstrated that miRNAs are important regulators of the development and regulatory function of CD4 ϩ CD25 ϩ Foxp3 ϩ Treg cells. Natural killer T (NKT) cells comprise another major subset of regulatory T cells in mice and humans. NKT cells possess the properties of both T cells and NK cells as they co-express a rearranged T cell receptor (TCR) and several NK cell receptors, including NK1.1. Most NKT cells are restricted to the non-classical MHC-I like molecule CD1d and preferentially use an invariant TCR consisting predominantly of the V␣14-J␣18/V␤8 pair in mice (14) (15) (16) . These invariant NKT (iNKT) cells are almost uniformly reactive to the synthetic glycolipid ligand ␣-galactosylceramide (␣-GalCer) presented by CD1d, and they can be identified using ␣-GalCer-loaded CD1d tetramers. iNKT cells are potent regulators of diverse immune responses, including the onset of cancer, infection, and autoimmune diseases (14) (15) (16) (17) (18) (19) . The role of miRNAs in iNKT cell development is currently unknown. Here, we tested the role of miRNAs in iNKT cell development by generating a mouse strain with Tie2 Cre mediated tissue-specific disruption of Dicer (Tie2 is expressed in hematopoietic progenitors and endothelial cells). We found that deficiency of miRNAs during hematopoiesis resulted in significantly fewer iNKT cells in the thymus, spleen, and liver, and interrupted the development and maturation of iNKT cells in the thymus. miRNA-deficient peripheral iNKT cells display profound defects in ␣-GalCer-induced activation and cytokine production. Bone marrow (BM) from miRNA-deficient mice poorly reconstituted iNKT cells compared to BM from wild-type (WT) mice. Further more, using a thymic iNKT cell transfer model, we found that WT iNKT cell homeostasis was impaired in miRNAdeficient recipient mice. Our data indicate that miRNAs expressed in hematopoietic cells and endothelial cells are potent regulators of iNKT cell development, function, and homeostasis.
Results and Discussion
Ablation of Dicer Expression in Hematopoietic Stem Cells. To investigate the role of miRNAs in immunological function, we generated a hematopoietic specific Dicer mutation mouse by mating loxPflanked Dicer gene mutation Dicer fl/fl mice (9) with Tie2-Cre transgenic mice (20) . Tie2 kinase is specifically expressed by hematopoietic progenitors and endothelial cells. The Tie2 gene promoter driving Cre expression was used to delete the genes in bone marrow and endothelial cells (20 ϩ splenocytes, and bone marrow-derived dendritic cells in these mice (Fig. 1A) . Taqman real-time PCR further indicated that miRNA gene expression was significantly reduced in the thymus and spleen CD3 ϩ T cells, including miR-150, mir-155, and miR-15 (Fig. 1B) (Fig. 2A) . We further confirmed that the observed defect is due neither to Cre expression in hematopoeitic progenitor cells nor to Dicer-loxp insertion (Fig. S1) . Consistent with the decreased proportions of iNKT cells in Dicer fl/fl Tie2cre ϩ mice, the absolute numbers of iNKT cells in the liver, spleen, and thymus were drastically reduced in Dicer fl/fl Tie2cre ϩ mice compared to WT littermate controls (Fig.  2B) . Thus, Dicer fl/fl Tie2cre ϩ mice lack CD1d-restricted iNKT cells. iNKT cells are known to proliferate and produce IFN-␥ and IL-4 upon engagement of their invariant TCR with CD1d-presented ␣-GalCer (17, 21) . Stimulation of splenocytes and thymocytes from WT littermate control mice with ␣-GalCer resulted in robust cell proliferation. In contrast, no significant cell proliferation was (Fig. 2F) . Taken together, these results further indicate that the compartment of iNKT cells was functionally impaired in the absence of miRNAs in hematopoietic stem cells.
The iNKT Cell Development and Maturation Are Impaired in
Dicer fl/fl Tie2cre ؉ Mice. During iNKT cell development in the thymus, CD1d-restricted iNKT cell precursors primarily acquire the V14␣-J␣18/V␤8 TCR that allows their subsequent selection by the CD1d-presented self-glycolipid expressed by CD4 ϩ CD8 ϩ thymocytes (23) . To ascertain that the defect of iNKT cells was not due to defective CD1d expression, thymocytes and splenocytes from Dicer fl/fl Tie2cre ϩ mice and littermate controls were compared for CD1d expression and were found to be almost equivalent (Fig. 3A) . Thus, we conclude that loss of CD1d expression does not account for the defect of iNKT cells observed in Dicer fl/fl Tie2cre ϩ mice. After positive selection, iNKT precursors progress through CD44 lo and CD44 hi stages and lastly acquire NK1.1 expression during their final maturation (23) (24) (25) . Therefore, the CD44/NK-1. (Fig. 3B) . Differences between Dicer fl/fl Tie2cre ϩ mice and littermate controls were even larger when the absolute numbers of the different subpopulations were compared (Fig. 3C) . A previous study indicated that the most immature iNKT cells found in the thymus express heat stable antigen (HAS) high , while mature iNKT cells are NK1.1 ϩ Tet ϩ HSA low (26) . As shown in Fig. S2 (26, 27) . We next examined these subsets on gated ␣-GalCer CD1d tetramer-positive iNKT cells in the thymus and spleen. Surprisingly, in the thymus (Fig. 3 D and E) , a dramatic increase in frequency of CD4 ϩ CD8 ϩ iNKT cells (26.64 Ϯ 6.67%, n ϭ 6) was seen in Dicer fl/fl Tie2cre ϩ mice compared to littermate controls (4.18 Ϯ 3.2%, n ϭ 9), P ϭ 0.00016, while a significantly decreased frequency of CD4 Ϫ CD8 Ϫ iNKT cells (21.16 Ϯ 3.5% vs. 34.95 Ϯ 8.49%, P ϭ 0.0011) was observed. An increase of CD4 ϩ CD8 ϩ iNKT cells in the thymus is further suggestive of an early block in iNKT cell development (26) . As shown in Fig. S2 (Fig. 3F , P ϭ 0.0001). Strikingly, there was more than a 2-fold reduction of splenic CD4 ϩ iNKT cells in Dicer fl/fl Tie2cre ϩ mice compared to control mice (P ϭ 1.9E Ϫ10 ). Together, these results suggest that the development of iNKT cell subsets in the thymus and their main- tenance in the periphery are affected by the absence of miRNAs in the hematopoietic progenitors.
Micro RNAs Expressed in Bone Marrow and Endothelial Cells Regulate
iNKT Cell Development and Homeostasis. Accumulated studies suggest that iNKT cell development and function are regulated by both the bone marrow and microenvironments. Although the findings from the Dicer fl/fl Tie2cre ϩ mice are suggestive of a cell-intrinsic (hematopoietic cell) defect in iNKT development, these do not exclude the possible role of subtle yet important defects in the microenvironment of the Dicer fl/fl Tie2cre ϩ mouse, since the Tie2 gene promoter drives Cre expression in both bone marrow and endothelial cells. Recent studies indicate that the maintenance and regulation of endogenous miRNA levels via Dicer mediated processing is also critical for endothelial cell gene expression and function (28, 29) . The reduced number of iNKT cells in the Dicer fl/fl Tie2cre ϩ mouse may reflect either a defect in iNKT cell precursors, positive selection and maturation of iNKT cells, and/or a block in iNKT cell homeostasis in the peripheral tissues, which is regulated by both the bone marrow and microenvironments. Initially, we used a bone marrow transfer model to further investigate if a Tie2-mediated Dicer deficiency influences iNKT cell development via a stem cell-intrinsic mechanism. Lethally irradiated normal C57/B6 mice were reconstituted with donor (Fig. S3 ), which may provide a possible explanation why CD4 ϩ iNKT cell frequency was largely decreased in the spleen of Dicer fl/fl Tie2cre ϩ mice (Fig. 3F) , while a relatively normal population of CD4 ϩ iNKT cells is still present in the thymus (Fig. 3E ). These data suggest that a lack of miRNAs in endothelial cells may affect iNKT cell homeostasis. Therefore, the defective iNKT cells observed in Dicer fl/fl Tie2cre ϩ mice may result from both intrinsic (hematopoietic cells) and extrinsic (endothelia cells) defects. (Fig. 5B) . Taken together, miRNAs seem to be critical for iNKT cell activation and cytokine production.
In summary, depletion of miRNAs by eliminating Dicer at the bone marrow stem cell stage significantly reduces the frequencies of iNKT cells, but seems to be dispensable for early thymocyte development and CD4/CD8 lineage commitment. Dicer-generated miRNAs in hematopoietic cells are required for iNKT cell development, maturation, and function. Defects in the number and function of iNKT cells may also contribute to autoimmunity in Dicer fl/fl Tie2cre ϩ mice. In addition, miRNAs expression in endothelial cells regulates iNKT cell homeostasis in the liver. The identification of specific miRNAs differentially required for the proper development, function, and homeostasis of iNKT cells and the downstream genes targeted by miRNAs may further unravel the immunological and molecular mechanisms underlying iNKT cell development, and may also facilitate the development of new intervention strategies for cancer and autoimmune diseases related to iNKT cell function.
Materials and Methods
Mice. Mice carrying a conditional floxed allele of Dicer (Dicer flox ) (9) were backcrossed onto the C57BL/6 background for 5 generations and then mated to C57BL/6 mice carrying the Tie2 Cre allele (obtained from The Jackson Laboratory) (20) Genotyping. Offspring were genotyped using the following PCR primer pairs: for Cre, 5Ј-TGATGAGGTTCGCAAGAACC-3Ј and 5Ј-CCATGAGTGAACGAACCTGG-3Ј (product size: 420 bp); and for Dicer, 5Ј-CCTGACAGTGACGGTCCAAAG-3Ј (DicerF1) and 5Ј-CATGACTCTTCAACTCAAACT-3Ј (product sizes: 420 bp from the Dicer flox allele and 351 bp from the wild-type Dicer allele). The deletion allele was genotyped using primers DicerF1 and DicerDel (5Ј-CCTGAGCAAGGCAAGT-CATTC-3Ј). The deletion allele produced a 471-bp PCR product whereas the WT allele resulted in a 1,300-bp product. 
